Introduction
The annual worldwide production of thallium (Tl) is approximately 15 tons. Approximately, 2000-5000 tons every year are circulated by industrial processes (Kazantzis 2000) . The distribution of Tl concentrations in soils is approximately between 0.1 and 2.0 mg/kg, but most soils contain less than 1.0 mg/kg (Qi et al. 1992) . Thallium concentrations in highly contaminated soils at some specific locations in France, Germany, and China have been measured up to 73 mg/kg (Zhou and Liu 1985) . The distribution of Tl in soils near cement plants in Korea has been measured up to approximately 13.0 mg/kg (Lee et al. 2015) . Thallium can be easily absorbed through skin and mucous membranes, which is more acutely toxic than some other heavy metals, such as Cd, Cu, Pb, and Zn. (Cheam 2001) .
Soil is a mixture of organic and inorganic solid materials. Thus, an innumerous amount of organic and inorganic solutes in soil-solution systems compete for adsorption sites on solids (Covelo et al. 2004 ). Heavy metal ions or compounds introduced into the soils are sorbed to various solid phases (Grasso et al. 1997) , which are limited in mobility and availability because they are mostly complicated forms (Chung and Noh 2005) . Metal mobility and adsorption in soil-solution systems are affected by different soil properties, including soil pH, exchangeable cation concentration, ionic strength, concentrations of carbonate salts, concentrations of Fe and Mn oxides, clay content and types, soil organic matter or humus content, and temperature (Anderson 1988; Lee et al. 1988; Diatta and Kociałkowski 1998; Wei and Huang 1998; Krishnamurti and Naidu 2003; Heike 2004; Mesquita and Carranca 2005; Gray and McLrren 2006; Sherene 2010) . The work of Kim (2010) reports that the adsorption in soils of thallium in particular is influenced more by soil pH and clay content than by other properties. Furthermore, soils very often contain heavy metals as contaminants and/or some of micronutrients. Thus, the heavy metals are competitively adsorbed in soil-solution systems, in a process that controls the retention and movement of metals in soils and regulates the metal availability to plants (Zhang and Zhang 2007) .
Accordingly, the metal mobility and availability in soilsolution systems can be determined by equilibrium isotherms and kinetic studies in target metal adsorption and/or desorption. These studies are important to assess the capacity of soils dealing with the introduction of various metal pollutants into soil-solution systems (Srivastava et al. 2005; Moreno et al. 2006; Febrianto et al. 2009 ). For these reasons, many studies in the competitive metal adsorption in soils have been conducted (Saha et al. 2002; Covelo et al. 2004; Heike 2004; Srivastava et al. 2005; Covelo et al. 2007; Sprynskyy et al. 2011; Jalali and Moradi 2013) . Nonetheless, information about the competitive adsorption of thallium with various counter metal ions in different soils has not been described in existing research.
The aims of this study, therefore, were to evaluate the adsorption of thallium in soils treated with different concentrations of various single counter metal ions, and to investigate the competitive adsorption behavior of thallium in multicomponent systems in different soils.
Materials and methods
Three different thallium-free soils, including acidic Jeonju (JJ), neutral Iksan (IS), and alkaline Danyang (DY) soils, were used. The soil samples were collected from surface 15 cm and crushed to pass through a 2-mm sieve after airdried. Selected properties of the soils are presented in Table 1 . Soil pH was measured using soil:solution ratios of 1:5 with a Professional pH Meter PP-20 (Sartorius Ò , Taylor Scientific). Free (citrate-dithionite extractable) iron (Fe) concentration was measured using the method introduced by Loeppert and Inskeep (1996) . Distribution of soil particle sizes was determined by the pipette method (Malo and Doolittle 2000) . The following soil properties were measured using the methods recommended by NAAS (2010), Republic of Korea. Exchangeable cations were analyzed with the use of 1.0 M CH 3 COONH 4 (pH 7.0) solution. The content of soil organic matter was obtained by the Tyurin titrimetric method. Selected heavy metals in the soils were determined by the pseudototal aqua regia (3 HCl:1 HNO 3 ) digestion procedure (ISO 11466 1995) .
The first set of triplicate 1 g soil, including acidic JJ, neutral IS, or alkaline DY soil, was put into 50-mL polypropylene centrifuge tubes and treated with 0, 10, 30, 60, 100, 150, and 200 mg/kg of Tl soil using TlCl solution. The first set was additionally treated with each different concentration (0, 100, and 200 mg/kg) of selected counter metals, including Cd, Cu, Ni, Pb, and Zn, using CdCl 2 Á2.5H 2 O, CuCl 2 Á2H 2 O, NiCl 2 Á6H 2 O, PbCl 2 , and ZnCl 2 solutions, respectively. The second set of triplicate 1 g soil sample was transferred into 50-mL polypropylene centrifuge tubes. Thallium and other counter metals were treated in various concentrations (0, 30, 60, 100, 150, 200, 300, 400, 500 , and 1,000 mg/kg) using the metal chemical solutions shown above.
The samples of Tl and each counter metal (the first set), together with the samples of Tl and all the counter metals (the second set) in the centrifuge tubes were equilibrated at the room temperature of 25 ± 2°C for 36 h on a reciprocal shaker set at a speed of 160 rpm, and then the soil suspension in the tubes was centrifuged at 45,000 9g for 10 min. After centrifugation, the supernatant was filtered using an Advantec filter paper (no. 5; 0.1 mg per circle) and/or a 0.22-lm microfilter in order to have clear soil solutions. Thallium in the clear supernatants was analyzed by an inductively coupled plasma optical emission spectrometry or by an inductively coupled plasma mass spectrometry (ICP-OES or ICP-MS DRC-e, Perkin Elmer, USA). The concentrations of Tl adsorbed in the different soils were obtained by subtraction of the Tl concentration in the equilibrium solution from the Tl concentration in the original solution.
Specific metal buffering capacities of soils were defined as the total amount of the diffusible metal ion per unit volume of the metal ion in the soil solution. Therefore, Tl buffering capacity (BC Tl ) of the three soils was measured according to the relationships between the changes in quantity (Q) of Tl adsorbed (mg/kg of Tl) and the change in intensity (I) of soil solution Tl concentration (mg/L of Tl). This is represented as BC Tl = DQ/DI = qK d ? h, where q is the bulk density (kg/L), K d is the distribution coefficient (L/kg), and h is the volumetric moisture content (m 3 /m 3 ). The K d value was estimated using the following linear adsorption equation:
The adsorption behavior of Tl was illustrated by the Freundlich isotherm: Q = k I 1/n , where k is a constant relevant to the adsorption capacity of the soil and 1/n is a constant associated to the bonding energy of Tl to the soil (Dang et al. 1994; Lee and Doolittle 2002; Lee and Ahn 2010) .
Results and discussion
Thallium adsorption with single-counter metals Adsorption behavior of Tl as affected by the application of single counter metals, Cd, Cu, Ni, Pb, and Zn, is presented in Table 2 with different parameters including Tl sorption capacity (k) and Tl bonding energy (1/n). The Tl adsorption capacity of the different soils was highest with the neutral IS soil, followed by the alkaline DY soil and the acidic JJ soil, while the Tl bonding energy values were generally similar among the soils. The values of Tl adsorption capacity of the JJ, IS, and DY soils treated with single counter metals ranged from 20.33 to 48.24, from 40.78 to 88.38, and from 30.98 to 68.02, respectively. The values of Tl bonding energy ranged from 0.369 to 0.731, but were mostly between 0.6 and 0.7 in each of the soils.
The Tl adsorption capacity of the acidic JJ soil decreased with Cd and Pb treatments, whereas it increased with Ni application. However, no consistent trend was seen for this parameter with Cu and Zn applications. In the neutral IS soil, the Tl adsorption capacity decreased with Cd, Ni, Pb, and Zn treatments, but it increased with Cu application. In the alkaline DY soil, the Tl adsorption capacity decreased with the applications of Cd, Ni, and Zn, while no specific trend was observed in the soils with Pb treatment. According to these results, when single counter heavy metal ions were applied to the soils, the Tl adsorption capacity was reduced in the neutral and alkaline soils, but was only slightly affected in the acidic soil. Surprisingly, however, the Tl adsorption capacity increased with Cu treatment in each of the soils. In addition, values of Tl adsorption capacity and Tl bonding energy in the soils were inversely correlated in general. Similar results with Zn and Cd in soils were reported by Dang et al. (1994) and Lee and Doolittle (2002) , respectively. More specifically, these previous studies show that Zn and Cd sorption capacities and their bonding energies are negatively correlated, which means that the higher the sorption capacity, the lower the bonding energy.
Values of Tl distribution coefficient (K d ) and buffering capacity (BC Tl ) as influenced by the single counter heavy are shown in Table 3 . The distribution coefficient of Tl in the acidic JJ, neutral IS, and alkaline DY soils ranged from 400.9 to 768.3 L/g, from 345.2 to 816.6 L/g, and from 423.2 to 787.1 L/g, respectively. The values of the Tl distribution coefficients were mostly proportional to those of the Tl adsorption capacity of the different soils, with the exception of soils with Cu treatment (wherein the former were inversely proportional to the latter). Buffering capacities for target metals are essentially related to soil availability to adsorb and immobilize the metals (Fontes 2013) . Thus, the BC Tl denotes the ability of different soils to retain new thallium ions while changes of Tl concentration in soil solution remain minimized. The values of BC Tl decreased in the JJ, IS, and DY soils with Cd, Cu, Ni, and Zn, with Cd, Cu, Ni, and Pb, and with Cd, Cu, and Zn applications, respectively. However, there were no consistent trends for the BC Tl of the acidic JJ soil treated with Pb, the neutral IS soil treated with Zn, or the alkaline DY soil treated with Ni and Zn. The values of BC Tl ranged from 416.9 to 799.0 in the JJ soil, from 390.1 to 922.8 in the IS soil, and from 478.2 to 889.4 in the DY soil.
Competitive adsorption of thallium in multicomponent systems
The competitive adsorption behavior of Tl with various counter metals, including Cd, Cu, Ni, Pb, and Zn, in the different soil-solution systems is given in Fig. 1 . On the basis of nonlinear Freundlich isotherms, there were at least two or three different competitive sequences of metal adsorption due to the amount of soil metal levels treated in this study. The metal adsorption sequence in the JJ soil was high metal levels or the overall concentrations. According to these results, the competitive adsorption affinity of Tl with other metals for the soils varied with specific soil properties such as soil pH and with the metal concentrations in the systems. The competitive adsorption of Tl was higher with lower soil pH (acidic JJ [ neutral IS [ alkaline DY soils) and with higher metal concentrations. Meanwhile, the overall adsorption rate of the metal ions (Echeverria et al. 1998) (Xiang et al. 2005) , and Pb [ Cr [ Ni [ Cd [ Zn in five acidic soils (Vega et al. 2006 ). In addition, Moreira and Alleoni (2010) 
In particular, the Tl adsorption capacity was relatively lower than the adsorption capacity of other metals in the soils, but Tl bonding energy was generally higher than the bonding energy of other metals. In comparing the Tl adsorption capacity and bonding energy in the single-element systems with these values in the multielement (Table 2) , both values decreased in the multielement systems. The distribution coefficient (K d ) and buffering capacity (BC) of the different metals in the competitive systems are given in Table 5 . These values were mainly obtained by linear fittings of the Freundlich equation in logarithmic form. The values of metal distribution coefficients ranged from a low of 281.9 L/g for Cd in the acidic JJ soil to a high of 953.6 L/g for Pb in the alkaline DY soil. The correlation of determination (R 2 ) values of the linear fittings were between 0.8574 and 0.9962. The estimated values of metal buffering capacity in the JJ, IS, and DY soils varied from 293.2 to 481.2, from 374.9 to 673.5, and from 388.6 to 1125.2, respectively. These results indicate that the overall values of metal buffering capacity were highest in the alkaline DY soil, followed by the neutral IS and the acidic JJ soils, and also that variations in these values among the different metals were wide in the DY soil and relatively narrow in the JJ soil. The buffering capacity among the different metals was ordered as Tl ) Pb C Zn C Ni [ Cu C Cd in the acidic JJ soil, Pb [ Cu [ Tl ) Ni [ Zn C Cd in the neutral IS soil, and Pb [ Cu ) Tl [ Ni [ Cd C Zn in the alkaline DY soil. In particular, Tl buffering capacity was comparatively highest among the metals in the JJ soil. Also, the values of Tl buffering capacity in the multicomponent competitive systems were highest in the alkaline DY soil, followed by the neutral IS soil and the acidic JJ soil. In contrast, the sequence of the Tl buffering capacity values in the single-component system (Table 3) Thallium adsorption in soils was significantly proportional with the concentrations of Mn oxides (Tremel et al. 1997) . The Tl adsorption was preponderated by an identified noncrystalline Mn oxides, which showed the strong affinity of Tl for Mn oxides in soils (Vanek et al. 2009 ). The neutral IS soil contained high Mn oxides, 181.2 mg/kg, as compared to that in the alkaline DY soil, 92.1 mg/kg. Thus, a certain amount of Tl ions should be bound to the Mn oxides, which increased the quantity factor (Q) of Tl in the single-component system, but in the multicomponent system, Tl and other counter metal ions were competitively adsorbed in the Mn oxides, so that the quantity factor (Q) of Tl would not be increased as much as in the singlecomponent system. Therefore, it might be more affected by soil pH in the two systems because soils with higher pH generally have higher adsorption affinity to heavy metals. 
